I. INTRODUCTION
V ERTICAL-cavity surface-emitting lasers (VCSELs) are key optical sources in optical communications, the dominant source deployed in local area networks using multimode optical fibers at 850 nm [1] - [8] . The advantages of VCSELs include wafer-scale testing, low-cost packaging, and ease of fabrication into arrays. The ease of array fabrica- ChangHasnain.) The authors are with the Department of Electrical Engineering and Computer Science and Tsinghua-Berkeley Shenzhen Institute, University of California-Berkeley, Berkeley, CA 94720 USA (e-mail: qiao@berkeley.edu; kevin.cook@berkeley.edu; lindakli@berkeley.edu; cch@berkeley.edu).
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Digital Object Identifier 10.1109/JSTQE. 2017.2707181 tion is useful for space-division-multiplexed (SDM) links using multi-core fiber or fiber arrays. VCSELs emitting in the 780∼1060 nm regime are of interest for LIDAR, atomic clock applications and printing applications [9] - [14] . Recently, the wavelength of 1060 nm has been recognized as the most suitable for ophthalmic OCT (optical coherence tomography) imaging because it enables visualization of the choroidal vascular structure [15] - [18] . On the other hand, VCSELs emitting in the 1300∼1550 nm wavelength regime are desirable for the rising applications of data and computer communications, optical access networks, optical interconnects and optical communication among wireless base stations. The potential advantages over edge-emitting distributed feedback (DFB) and distributed Bragg reflector (DBR) lasers include much lower cost due to smaller footprint and wafer scale testing, and significantly lower power consumption. Wavelength tunable light sources are important for dense wavelength division multiplexed (DWDM) systems with applications including sparing, hot backup, and fixed wavelength laser replacement for inventory reduction. Additionally, modehop-free and widely tunable light sources are a perfect candidate for optical coherent tomography (OCT), high resolution laser spectroscopy and light ranging applications.
A very wide tuning range has been reported with sample grating (SG) DBR lasers [19] - [22] . These lasers are comprised of multiple sections including a gain section, two sample grating reflector sections, and a phase section. The lasing wavelength is determined by the matching of high reflection wavelengths from the inter-digitated SG reflection spectra and the round trip phase condition. The phase section creates an adjustable phase shift between the gain material and the reflectors, and thus provides fine tuning. Coarse tuning is provided by injecting current into a mirror section, which shifts the high reflection wavelengths, thereby changes the lasing wavelength. Precise wavelengths can be obtained for discrete DWDM channels with the use of feedback and complex synchronization of several electrical control signals. These lasers have now been successfully commercialized for DWDM transmitters. However, they are not particularly suitable as wavelength-swept sources. This is because it is very difficult to obtain a continuous wavelength sweep without stitching due to the intrinsic nature of wavelength discontinuity as a function of various controls. Further, a continuous sweep, if made available with IC control circuits, will likely to be slow.
By incorporating the top mirror of a VCSEL on a microelectromechanical structure (MEMS), one can change the length of optical cavity and thus continuously tune the emitting wavelength. The continuous sweep of wavelength makes them promising for low cost OCT and LIDAR applications. Since the first demonstration of MEMS-VCSELs in 1995 [23] , there have been many advances. The device designs differ in many ways, including mirror design, MEMS structure and tuning mechanisms, VCSEL current confinement and cavity designs, and pumping mechanism. The wavelength spans from 760-1550 nm. In this paper, we will provide an overview of noteworthy designs and results. Due to a very different set of design constraints, business model and prospects for mass producibility, we find it unreasonable to compare optically pumped and electrically pumped VCSELs directly. Hence, this paper will focus only on electrically pumped VCSELs.
This paper is organized as follows. A brief discussion of wavelength engineering in VCSELs, followed by a review of various designs and performance for VCSELs using DBRs. The basic concept of high contrast gratings (HCG) and how it can be used to replace DBR are reviewed in Section IV. A new interpretation for the semiconductor-air coupling layer and its function in expanding the tuning range are discussed. This is to be followed by the fabrication and characteristics of MEMS-HCG VCSELs, particularly our new results with the widest tuning ratio, i.e., tuning range Δλ divided by center wavelength λ o . Tuning design tradeoff and considerations are discussed, followed by the review on coherence length for MEMS-VCSELs.
II. WAVELENGTH TUNING IN A VCSEL
Before summarizing tunable VCSELs, it is worthwhile to review a standard VCSEL structure. The epitaxy consists of an active region sandwiched between a top and bottom mirrors, doped p-and n-type respectively. The mirrors are typically multiple-tens of pairs of DBRs formed by quarter-lambda thick epitaxy layers with alternating high and low refractive indices. The active region typically consists of multiple quantum wells (MQW) in the center of a full-or half-lambda thick cavity layer. The choice of half vs. full depends on the refractive index of the cavity layer comparing to that of the DBR layer adjacent to it. Typical designs use a higher refractive index material (lower bandgap) comparing to the adjacent DBR layer and hence, full-lambda cavity is used. Both proton implant [24] - [26] and wet-thermal oxidation [10] , [27] have been used to provide current confinement. Note that, in this manuscript, we use "lambda" to denote wavelength in a given material, or wavelength in air divided by the refractive index n in a given material.
A standard VCSEL described above typically has a very short effective cavity length L eff , equal to the sum of the physical length of the cavity layer and the penetration depths into the bottom and top mirrors [28] , [29] . A larger index contrast between the DBR layers results in a shorter penetration depth at the center wavelength of the DBR band, as the energy falls faster with each interface. In addition, the number of pairs required for a VCSEL can be significantly less. For a GaAs-based VCSEL, the effective cavity length can be 1∼2 μm, resulting in a very large Fabry-Perot (FP) mode spacing, which is also referred as free-spectral range (FSR). With a large FSR, typical VCSEL wavelength is thus determined by the FP wavelength. Small thickness variation in the DBRs or the cavity changes the FP wavelength and, thus, the laser wavelength. A multi-wavelength VCSEL array was demonstrated by grading some of the layer thicknesses [30] .
The position of the layer(s) with thickness variation relative to the center of the cavity plays a crucial role for the resulting wavelength variation. For the same amount of thickness variation, the wavelength change decreases exponentially as the position of the layer is moved away from the cavity center. A three-contact VCSEL was reported with 1.8 nm tuning tune range [31] . This range is very small because of a limited change of refractive index with current. An external-cavity tunable VCSEL [32] was also reported with 0.4 nm tuning. Despite of a large possible thickness variation, this variation is too far away from the cavity center to result in a significant effect.
A large Δλ/λ o is achieved with the incorporation of part or entire top mirror of a VCSEL in a micromechanical structure. In essence, the tuning range Δλ of a MEMS-VCSEL is limited by the smallest of the following three factors: 1) the FSR, 2) the wavelength difference resulted from maximum deflection of MEMS, which is typically 1/3 of the MEMS airgap; and 3) mirror or gain bandwidth. The results of tuning range and speed obtained over the past two decades is presented in Fig. 1 . It turns out that the FSR has been the main limiting factor for Fig. 2 . Schematic of the first MEMS-VCSEL [23] . The top mirror consists of a movable top DBR on a suspended cantilever, a variable airgap and a fixed bottom p-DBR. The VCSEL is a bottom emitting proton-implanted VCSEL.
most of the reported work. Hence, mechanisms to increase the FSR becomes an important topic in MEMS-VCSELs.
III. SUMMARY OF TUNABLE VCSEL DESIGNS

A. Semiconductor DBR Mirror
The first surface-machined MEMS VCSEL was experimentally demonstrated by Wu. et al. in 1995 [23] using GaAs-based material system with emission wavelength around 935 nm. In that design, the laser active region consists of 3 InGaAs QWs in the center of a lambda-thick AlGaAs cavity and 28.5 pairs of n-GaAs/AlGaAs bottom DBR, similar to a standard VCSEL. The top mirror is split into three parts (listed from bottom): 6 pairs p-GaAs/Al 0.6 Ga 0.4 As DBR, 1.3 μm GaAs sacrificial layer, and 22.5 pairs n-GaAs/Al 0.6 Ga 0.4 As DBR. With fabrication, the sacrificial layer is removed to form an airgap of 1.4 λ o and the top n-doped DBR is held on a micromechanical structure (Fig. 2) .
Wavelength tuning is accomplished by applying a reverse bias voltage between the top n-DBR and p-DBR, across the airgap. The applied bias generates the electrostatic force, which attracts the top DBR downward toward the substrate. This physical movement changes the optical length of the laser cavity and thus produces a change (blue-shift) in the laser emission wavelength. In this particular structure, proton-implant was used to provide VCSEL current confinement and a suspended cantilever was used as the MEMS structure to obtain a low tuning voltage. A continuous tuning range of 15 nm was obtained at room temperature under continuous-wave (CW) operation with 5.7 V electrostatic actuation and emitting through the bottom of the substrate.
Using a wet-thermal oxide layer to provide improved current confinement, a wider tuning range of 19.1 nm was achieved by Vail et al., which was limited by the gain bandwidth [33] . The FSR was 22 nm due to a relatively large L eff arising from a thick composite top mirror (4.5 pairs of p-GaAs/Al 0.6 Ga 0.4 As DBR, 1.5 μm airgap and 22.5 pairs of GaAs/Al 0.6 Ga 0.4 As DBR). Tuning speed is approximately 400 kHz [34] .
Li et al. optimized the effective cavity length and threshold gain by reducing p-DBR pairs to two and the composition of both top p-and n-DBRs to GaAs/Al 0.9 Ga 0.1 As [35] . They demonstrated the first top-emitting MEMS-VCSEL with 31.6 nm tuning range, which, in this case, was limited by the FSR. The scanning electron micrograph of the top-emitting VC-SEL is shown in Fig. 3 . Fig. 3 . Scanning electron micrograph (SEM) of a top-emitting MEMS-VCSEL with AlGaAs/GaAs DBR on a suspended MEMS structure. The tuning range was 31.6 nm centered at 935-nm wavelength. The cantilever is 100 mm long, 6 μm wide, and 3 μm thick [35] . Fig. 4 . Continuously tunable micromachined VCSEL with 18-nm wavelength range by Harris in 1996 [38] .
Tunable VCSEL at 1550 nm is of great interests for optical communications applications. Due to the small index difference (Δn) for InAlAs/InGaAlAs lattice-matched to InP, a very large number of 45-60 DBR pairs is required for each mirror. Hence, it has been challenging to grow the entire structure in one single epitaxy. Using metamorphic epitaxy to grow GaAs/AlGaAs on InP with completely relaxed lattice is one alternative to provide the advantages of GaAs/AlGaAs system. A top-emitting 1550-nm VCSEL with an integrated cantilever and bridge MEMS was reported with 22 nm tuning range at 80 kHz speed [36] , [37] . The VCSELs emit a single mode with 1.3 mW power and can be direct modulation of 2.5 Gbps The heterostructure includes (listed from bottom) lattice-matched n-InGaAlAs/InAlAs DBR, strained InGaAlAs QWs cavity region, a metamorphic GaAs/AlGaAs mid-DBR containing an oxide layer and a tunnel junction, a GaAs sacrificial layer, and a GaAs/AlGaAs top DBR. The use of metamorphic GaAs/AlGaAs above the cavity enabled the use of a wet-thermal oxide layer for current confinement and lateral optical waveguiding, a wide stopband top DBR, and improved the thermal resistance of the device.
One major advantage of this type of design is higher reproducibility and larger fabrication tolerance because the entire structure is one single epitaxy with high thickness precision. However, the large L eff resulted in relatively small tuning range.
B. Hybrid and Dielectric Mirror
Single-mode tuning of 18 nm around 975 nm was demonstrated with a micromachined deformable membrane top mirror in 1996 [38] , as shown in Fig. 4 . The VCSEL epitaxy consists of 22.5 pairs of n-GaAs/AlAs DBR, AlGaAs cavity with three InGaAs QWs, p-GaAs current spreading layer, a Al 0.85 Ga 0. 15 As sacrificial layer and quarter-lambda GaAs layer as part of hybrid top mirror. The hybrid top mirror consists of a quarter-lambda GaAs, a 0.7-lambda SiN x phase matching layer, and a 120-nm Au electrode, created to form a deformable membrane. Oxide confined aperture was fabricated by wet thermal oxidation of the top AlAs of the bottom DBR. The smaller airgap (d = 731 nm) and less penetration depth into the hybrid mirror leads to a higher tuning efficiency.
The tuning ratio Δλ/λ o can be greatly altered by controlling the effective cavity length, which can be varied by properly engineering the coupling between the air and semiconductor regions. This subject was first reported by Sugihwo et al. in 1998 [39] . Three configurations, named semiconductor-coupled cavity (SCC), air-coupled cavity (ACC), and extended cavity (EC), were used to illustrate the tradeoff between the tuning range and the threshold material gain. The SCC design refers to one that has the QW active layers in the center of a halfor full-wavelength thick cavity layer and the airgap is part of the top DBR being an odd integer of quarter-wavelength in thickness, as in the above cases in [23] to [38] . The ACC refers to a case that QWs are part of the bottom DBR and the airgap is an even integer of quarter-wavelength in thickness. Sugihwo et al. showed this would be highly undesirable with ∼5-times increase of threshold comparing to the SCC. They thus proposed an EC structure, which is the same as SCC with the exception of an additional "anti-reflection" layer between the semiconductor cavity and airgap. In the following, we summarize their structure and results.
The VCSEL epitaxy consists of 22.5 pairs of n-GaAs/AlAs DBR, a one-lambda Al 0.3 Ga 0.7 As cavity with two InGaAs QWs, a quarter-lambda Al 0.3 Ga 0.7 As layer, a quarter-lambda AlAs layer, a half-lambda p-GaAs current spreading layer, 6 nm p + -GaAs contact layer, 0.89-lambda Al 0.85 Ga 0.15 As sacrificial layer, and quarter-lambda GaAs layer as part of hybrid top mirror. The hybrid top mirror consists of the top most quarter-lambda GaAs, a half-lambda SiNx, and 2.5 pair of 0.188-lambda/0.334-lambda SiO 2 /Si 3 N 4 dielectric DBR, and a gold electrode, created to form a deformable membrane. Oxide confined aperture was fabricated by wet thermal oxidation of the top AlAs (the AR layer). A tuning range of 25-nm was achieved, corresponding to 2.5% of center wavelength of 965 nm, with an estimated speed of 0.5∼1 MHz.
C. Two-Chip and Wafer-Bonded VCSELs
As mentioned above, for 1.3∼1.55 μm emission, it is desirable to integrate InP based active region with GaAs/AlGaAs DBRs. Fixed-wavelength InP-based VCSELs with a waferbonded AlGaAs/GaAs DBR as both top and bottom mirrors have been demonstrated with excellent output power greater than 3 mW and direction modulation rate up to 10 Gbps [6] . This method has led to widely tunable VCSEL with optical pumping, which is not the subject of this review.
Wide tuning ranges have been reported on 1.55 μm electrothermally tuned MEMS-VCSEL fabricated by wafer bonding technique [40] , [41] . A tuning range of 60 nm was obtained with VCSEL consisting of a bonded 22.5 pairs AlGaAs/GaAs DBR as the top mirror and an InP "half-VCSEL". The "half VCSEL" consists of an active region with strained AlGaInAs quantum wells, on top of a laterally structured buried tunnel junction (BTJ) with InP overgrowth. The back mirror is a 2.5∼3.5 pair dielectric back mirror which is connected to electroplated gold heat sink. A layer of quarter-lambda thick AlO x was used as AR coating to increase the tuning range to 60 nm. A further change of the top movable DBR to 11.5 pairs of SiO x /SiN x mirror led to an even wide 76 nm tuning. However, thermal MEMS usually exhibit very slow tuning speeds, on ∼500 Hz [42] .
Electrostatic MEMS actuation is desirable for applications that require faster tuning speeds. Yano et al. [43] reported the fabrication of a VCSEL on a Si-MEMS structure using Au-Au bump bonding using thermos-compression method. A resonance frequency of 500 kHz over a 40 nm tuning range was reported. The VCSEL structure consists of a half-VCSEL and a concave dielectric mirror that is deposited on a silicon-on-insulator (SOI) wafer. The Si-MEMS was fabricated using a standard Si bulk machining process; thus, the actuation can leverage the high Young's modulus and high resonance characteristics of Si-MEMS. The tuning range is as large as 55 nm with an actuation voltage of 60 V.
Despite their merits, bulk-machined MEMS structures possess several disadvantages versus surface-machined or monolithic structures. First, the bonding process is rather complicated and lacks uniformity. Devices vary by the relative positioning and inclination of the chips. Additionally, several independent epi-growth runs are required to produce a working device, which is rather costly. All of the mirrors that are fabricated by bulk machining are bulky and heavy. This characteristic requires the resulting MEMS structures to have very large spring constants and thus very high actuation voltages (electrostatic actuation) or actuation currents (thermal actuation), which require extra-highpower electronics and are not desirable in photonic integration.
D. Surface-Micromachined Dielectric Mirror Structures
Throughout the years, several research groups have contributed to the major milestones in the performance improvement of MEMS VCSEL utilizing dielectric DBR mirrors. With a larger index difference, dielectric DBRs require many less pairs to reach high reflectivity and, hence, a shorter effective cavity length and a larger FSR. Using dielectric DBR as both top and bottom mirrors, FSR can be significantly increased and thus the tuning range. Results are summarized below.
MEMS VCSEL with a very large tuning range of 102 nm at 1555 nm wavelength (Δλ/λ o = 6.56%) was achieved by Gierl et al. in 2011 [44] using dielectric mirrors and surface micromachining process to realize a similar structure in [42] . With the elimination of comprehensive bonding process, a better alignment accuracy is achieved.
The 1550 nm tunable VCSEL structure is similar to that described in [41] . The only difference is that the top mirror is fabricated by the PECVD of SiO 2 /Si 3 N 4 . The active region, cavity structure, and especially the thermal conduction design are optimized for high-output-power operation; thus, the output power (3.5 mW) is substantially higher than previously reported values (1. the semiconductor cavity has an optical length of 4.665 μm, An SiON layer as AR coating is used at the semiconductorair interface. The movable top mirror consists of 11.5 pairs of SiO 2 /Si 3 N 4 and bottom DBR is 3.5 pairs of AlF 3 /ZnS stacks.
Tuning range of 102 nm was achieved by electro-thermal actuation ( Fig. 6 ) being limited by the FSR. The speed was shown to be 215 Hz, limited by heat flow throughout the entire top mirror film, which is much slower than the mechanical response determined by the spring constant.
Using a slightly different design d = 3.8 μm, electrostatically actuated MEMS tunable VCSEL was demonstrated with 74 nm tuning range (also limited by the FSR) and 215 kHz speed. The voltage used to tune is very high up to 190 V [45] .
A similar structure has been demonstrated in the 850-nm wavelength region [46] . In this structure, a TiO 2 /SiO 2 DBR is deposited as a top mirror, and the concave mirror shape and air gap underneath are formed by reflowing the photoresist (height ∼3.8 μm, radius of curvature ∼1.1 mm). A 24 nm thermal tuning range has been demonstrated for which the FSR is 36 nm, which means that the active region design and thermal design can still be improved to achieve a larger tuning range.
Recently, John et al. published a very large tuning range 63.8 nm centered at 1046 nm (Δλ/λ o = 6.1%) using a dielectric top DBR, α-Ge layer as sacrificial layer, and GaAs/AlOx bottom DBRs [47] . The device schematic is shown in Fig. 7 . The epitaxy (from the bottom) consists of n-DBR, laser active region, high-Al content oxide confinement layer, 1.5-lambda p-doped current spread layer and a p + -contact layer. A quarterlambda thick SiN x layer was deposited on top of the epitaxy to provide AR coating. A α-Ge layer was used as sacrificial Fig. 7 . Schematic of the electrically-pumped MEMS-VCSEL using dieletric top mirror and GaAs/AlO x bottom DBR. The MEMS is made of SiNx membrane and moved electro-statically [47] . layer, with SiN x and Al as material to form a MEMS membrane and the contact, on top of which are the quarter-wave stacks of SiO 2 /TiO 2 DBR was used as the top mirror onto of the MEMS membrane [48] .
The tuning spectra is shown in Fig. 8 with the time-averaged swept spectra shown in the green trace, taken with 59.7 V peakto-peak at a 240 kHz sweep-rate. In this case, the tuning range is less than the FSR of the design at ∼67 nm. The MEMS resonance is at 400 kHz. The laser output power is ∼0.4 mW with an estimated coherence length 225 ± 51 meters in air.
IV. CONCEPT OF HIGH CONTRAST GRATING AND METASTRUCTURES
As discussed, tuning range and speed are two parameters of particular interests for wavelength swept lasers. Many of the MEMS-VCSEL structures reviewed are limited by the FSR range. In addition, the thick DBR on the MEMS presents a major barrier for tuning speed. To increase FSR and speed, a thin mirror is of particular interest.
A high contrast grating (HCG) is a single layer of grating consisting of high refractive-index material grating bars fully surrounded by low index materials, shown in Fig. 9(a) [49] - [53] . Mateus et al. first discovered and proposed a HCG as an ultra-thin broadband high reflectivity mirror for surface-normal incidence light with dimensions that can be easily defined with optical lithography to replace the tens of pairs of DBRs typically used for a VCSEL [49] , [50] . The HCG was subsequently The input wave is surface-normal incident from the top (along k0). Λ, HCG period; s, bar width; a, air gap width; t g , HCG thickness. Duty cycle η = s/Λ. The reflectivity spectrum for a TE-HCG (b) and TM-HCG (c) is calculated with HCG analytical solution [51] - [53] . The optimized TE-HCG has a very high reflectivity for E-field along the y direction, but significantly lower along x direction. The opposite is true for TM-HCG, and this enables polarization selection in HCG-VCSELs [59] .
incorporated as the top mirror in vertical cavity surface emitting lasers (VCSELs) emitting at 850 nm, 980 nm, 1060 nm, 1330 nm and 1550 nm wavelength regimes, replacing the traditional 30∼60 pairs of distributed Bragg reflectors (DBR) used in VCSELs while provide a fixed, lithographically defined polarization direction [54] - [57] . The HCGs were subsequently shown to exhibit many distinct features that were not found in conventional gratings [53] . These features include broadband ultra-high transmission and very high quality-factor resonance for optical beam surface-normal or in oblique incidence to the direction of grating periodicity. In addition, optical phase can be locally manipulated to result in lens and beam forming capability [58] - [60] . A high numerical aperture lens and reflecting mirror were designed by varying the grating bar width and period [58] . Very recently, 2D metastructures have also been analyzed and demonstrated with not only the properties mentioned above, but also possibility to display hologram, polarization-independent lenses and tunable mirrors for VCSELs [61] - [67] .
In the case for VCSELs, 1D HCM or HCG are excellent choices since a fixed polarization is desirable. Broadband reflectors specifically to reflect transverse electric (TE) and transverse magnetic (TM) light are achieved. Here TE and TM refer to surface-normal incident light with polarization parallel and orthogonal to the gratings (y direction), respectively. Fig. 9(b) and (c) show the surface normal reflection spectrum of a TE-HCG and TM-HCG calculated with the HCG analytical solution [51] - [53] . The HCG reflectivity, shown in Fig. 9(b) , is optimized for TE-polarization (>99% reflectivity over a more than 100 nm wavelength range). In contrast, when the HCG is optimized for TM-polarization, shown in Fig. 9(c) , the TM-polarization has 99% reflectivity over 150 nm. In either case, the reflectivity of the other polarization is low.
To understand HCG or HCM, given the large index contrast and abrupt interfaces, full electromagnetic wave analysis is necessary. However, reasonable simplifications make the analytic Fig. 10 . Reflectivity contour plot for surface-normal plane wave incident on an HCG as a function of normalized wavelength (λ/Λ) and normalized thickness (t g /Λ) for (a) TE design with 33% duty cycle and (b) TM design with 73% duty cycle. The dual mode region indicates the wavelength range where there are only two propagation modes in HCG [51] - [53] . The circled area is the high reflectivity zone, where the HCG would be designed for the VCSEL. The refractive index for the HCG is 3.14.
formulism simple and easy to use. We explained the physics and how to design to optimize a given desirable feature in [51] - [53] . Here we provide a brief review of its design.
The most straightforward way to design is to plot the reflectivity contour of either TE or TM HCG versus normalized wavelength λ/Λ and grating thickness t g /Λ (both normalized by grating period Λ), for given refractive indices and duty cycle (defined as bar width s divided by Λ). A well-behaved, highly ordered, checker-board pattern reveals its strong property dependence on both wavelength and HCG thickness.
Based on Fig. 10 , one can locate the high reflectivity regions for an HCG-VCSEL design. For TE-HCGs (duty cycle η = 0.73), the desirable t g /Λ is ∼0.2, and λ/Λ is ∼1.5; while for TM-HCG (η = 0.73), the desirable t g /Λ is ∼0.6 and λ/Λ is ∼2.2. It is worthwhile to list the dimensions below in Table I . Note the period and bar width are all well within lithography limits and the HCG thincknesses are extremely thin.
We experimentally demonstrated the broadband high reflectivity with a Si HCG on top of SiO 2 in 2004 [49] . This novel HCG concept was implemented on an 850 nm VCSEL in 2007 [54] , and 1550 nm InP-based HCG-VCSEL in 2010 [55] , all with high-temperature continuous-wave (CW) operation. We also reported a 850-nm and 1550 nm HCG MEMS-VCSEL with a 20 nm and 26.3 nm tuning range, respectively [55] , [56] . The fastest MEMS-VCSEL was demonstrated to have a 27 MHz 3-dB mechanical bandwidth, although in that case the tuning range was limited to 1.2 nm due to a very stiff MEMS structure resulting a large spring constant [70] . As will be discussed in the next Section, we recently achieved a very wide continuous tuning range of 73.04 nm centered at 1059 nm, with a tuning speed around 600 kHz. This represents the largest Δλ/λ o = 6.9% ever achieved by a conitnuously tunable, electrically pumped laser. In the following two sections, we will review the 1550-nm results and our new work on 1060-nm tunable VCSEL designs and properties.
V. SEMICONDUCTOR-AIR COUPLING
The MEMS-VCSEL cavities discussed in the previous section all share one characteristics -there are acutally two cavities coupled strongly with each other: a semiconductor cavity (with active region) and an air cavity. As discussed by Sugihwo et al. [39] , the tuning ratio Δλ/λ o can be altered by controlling the coupling between the air and semiconductor regions. While the earlier work [23] - [38] belongs to SCC type, the most recent structures all used EC configuration with an AR coating to couple the semiconductor and air cavities [40] - [48] . While [39] described a third configuration ACC, referring to a case that QWs are part of the bottom DBR and the airgap is an even integer of quarter-lambda in thickness, Sugihwo et al. discouraged using it by theoretically showing that the ACC leads to a much higher threshold.
In this paper, we re-examine the use of thickness-controlled coupling layers at the semiconductor-air interface to engineer the tuning characteristics efficiently. We propose a new configuration, air-cavity-dominant (ACD) design, to achieve a much wider tuning range. In the meanwhile, we felt it is necessary to redefine the SCC in [39] to a new, broadened definition and termed as semiconductor-cavity dominant (SCD) design. The EC will be kept the same to illustrate the distinction between the three designs. In addition, we propose a revised definition of threshold calculations. We fabricated two runs of SCD and ACD VCSELs to illustrate the concept and the resulting experimental comparison is discussed in Section VI-B.
A schematic view of a wavelength-swept HCG VCSEL is shown in Fig. 11 . The configuration type is only determined by the semiconductor-air coupling (SAC) region. The SCD configuration provides high reflection at the interface and suppresses the field penetration from semiconductor into air. This design resembles conventional VCSELs which the optical mode is confined in semiconductor cavity. In contrast, the ACD configuration facilitates the field confinement in the air gap. The dominant cavity resides in the air gap cavity. Finally, with the EC configuration, the semiconductor and air cavities are perfectly matched such that they resonate as one cavity, in other words, the original semiconductor cavity "extends" into the air region. The only difference required is the coupling layer, with designer thickness and refractive index.
The configurations of for the SCD, EC and ACD designs are shown in Fig. 12 . The SAC region for SCD (listed from top) comprises a window layer (WL) and a quarter-lambda highindex layer, which may or may not be the same high-index material as in the DBR. For ACD, the SAC region comprises a window layer on top of a low-index layer, which may or may not be the same low-index material as in the DBR. The WL index for SCD and ACD can be arbitrary. The WL thickness should be zero or positive integer multiple of half-lambda. For EC, the SAC region comprises an anti-reflection layer on top of a quarter-lambda high-index layer which is part of the DBR. The refractive index and thickness of the AR layer should be approximately square root of the high-index layer and quarterlambda, respectively.
The wavelength tuning as a function of the tuning distance is calculated for SCD, EC and ACD designs, using the transfermatrix method and the complex reflection coefficient from the HCG [71] , as shown in Fig. 13 . All three cases use the same full layer structures of practical wavelength-swept VCSELs centered at 1060 nm, except for being different only in their topmost layers below air. The SCD case here contains zero-thickness WL, and the topmost "High1" layer consists of an Al x Ga 1−x As layer, a GaAs contact and an InGaP etch stop, combined to be quarter-lambda thick. The EC design uses the same quarterlambda "High1" layer as SCD, followed by a quarter-lambda Al 2 O 3 layer. The ACD design doubles the effective thickness of the "High1" layer from SCD to become the half-lambda WL. The tuning range increases from 59 nm (SCD) to 96 nm (ACD) by a simple change in thickness of the topmost layer below air! To illustrate the effect of the coupling layers, we need to study the longitudinal energy confinement factor (Γ z ) [72] , [73] , which can be written for non-or weakly-dispersive materials as
where n a and n(z) are the active region and z-dependent effective indices. Here, L a signifies the integration range for calculating energies in the active region, and L is the integration range for the entire device for conventional VCSEL modeling. There has been ambiguity in literature whether to include the air gap in L for wavelength-swept VCSELs. Here we wish to resolve this ambiguity. Fig. 14(a) shows the Γ z 's for two designs calculated including (solid lines) and excluding the air gaps (circles). When excluding the air gap, Γ z reveals more information regarding the overlap between the optical field and the active region. In this case, both designs have similar Γ z 's peaked around 5%, indicating good MQW alignment. When including the air gap, the Γ z 's reveal how strongly the semiconductor cavity is coupled with the air cavity. In this case, the energy confinement of the ACD design is peaked ∼2.7% as compared to 4.4% for the SCD design.
The threshold material gain, however, is unambiguously calculated, regardless of the chosen longitudinal span of devices. We define the round-trip gain at resonance as [71] 
(2) where g is the material gain added as the imaginary part of the active region index. The threshold material gain is found when the round-trip gain satisfies G RT (g th ) = 0. Here, we assume the intrinsic loss to be 10 cm −1 . The threshold material gain curves as functions of the tuning wavelength for SCD and ACD designs are shown in Fig. 14(b) . The threshold gain is similar for both designs at their tuning centers, but the tuning range is wider for ACD than SCD, as indicated by the blue and red shaded regions in Fig. 14(b) . However, the increase of threshold away from the center wavelength is also sharper for ACD. As the resonance is tuned away from the center wavelength and the material gain peak, the threshold carrier density becomes higher. This could lead to increased carrier leakage and Auger recombination, and affect the thermal stability. Therefore, as the tuning range approaches 100 nm, it is critical to re-design the active region (e.g. use chirped MQWs) to provide broader gain bandwidth.
In summary, we notice that the tuning range increase from 59 nm (SCD) to 96 nm (ACD) is comparable to the increase from ∼42 nm (SCC) to ∼85 nm (ACC) predicted in [39] . But the difference in threshold gain at the tuning center is only different by 6% between SCD and ACD, unlike the ∼5-times difference in [39] . This shows the inclusion of air gap in the longitudinal mode confinement calculation is erroneous and resulted in greatly over-estimated threshold.
The longitudinal field profiles for both the SCD and ACD designs operating at the red edges of their tuning ranges are calculated, as shown in Fig. 15(a) and 15(b) , respectively. The magnified views in Fig. 15(c) and 15(d) show the field overlap with MQWs. The same calculation is repeated at various tuning distances, with corresponding resonances at the center and the blue edge of the tuning range, as shown in Figs. 16 and 17 , respectively. At the tuning center, we indeed observe larger field coupling with the air region for ACD than SCD in Fig. 16(a) and 16(b) . The SAC regions are shaded in green and we see field peak and null at the semiconductor-air interfaces for SCD and ACD designs, respectively.
VI. HCG-BASED TUNABLE VCSELS
A. 1550 nm Tuanble HCG VCSEL
As mentioned in Section III, it has been extremely difficult to fabricate long-wavelength VCSELs with one single epitaxy. In addition to the 50∼60 pairs of DBR, it is difficult to attain current confinement as there is no suitable layer to perform wet thermal oxidation. We demonstrated 1550-nm HCG-VCSEL The HCG is moved electrostatically with a voltage between tuning contact and laser contact. Proton implantation is used to provide current confinement for the active region [57] .
using proton implantation and tunnel junction to provide current confinement [57] . This is made possible because of the relatively thin HCG and sacrificial layer, which is within the reach of standard proton implant energy. Additionally, we used a tunnel junction to minimize the amount of p-type materials and reduce the free carrier absorption.
The HCG MEMS-VCSEL structure used is a SCD type, i.e., last layer before the airgap is a high index quarter-lambda layer and the air gap is 1.25-lambda, where lambda is the effective wavelength at the center of the tuning range. The schematic is shown in Fig. 18 , where the HCG grating is fully suspended in air. The as-grown epitaxial wafer consists of 50∼60 pairs of bottom n-DBR, an active region, p-type cladding, tunnel junction, the laser contact layer, sacrificial layer, HCG layer and top tuning contact layer. The HCG layer and the laser contact layer is a p-n junction. With the sacrificial layer removed and reverse biasing this junction, the HCG moves down with voltage applied on the reverse biased p-n junction and hence tunes the VCSEL wavelength.
The current aperture is defined by 300 ∼ 400 keV H+ implant depending on the thickness of sacrificial layer. The diameter of the current aperture varies from 8 μm to 20 μm depending on the specific design. This is followed by mesa definition to isolate different devices with wet chemical etching. Tuning and bottom contact are deposited by e-beam evaporation. Laser contact is formed underneath sacrificial layer, so to have a reverse biased p-n junction between laser contact and tuning contact. The HCG with MEMS actuator is defined by electron beam lithography and transferred by a combination of reactive-ion-etch and wet chemical etching. The HCG is then released by a selective etch of a sacrificial region below the HCG, followed by critical point drying. Scanning electron microscope (SEM) images of a completed HCG-VCSEL are shown in Fig. 19 and the HCG mirror is fully released and nicely suspended.
The VCSELs have excellent CW performance characteristics. Single transverse mode can be obtained with a large aperture HCG-VCSEL. A 12 μm aperture TE-HCG VCSEL has threshold currents of < 1 mA and CW output power of 2.4 mW was reported with single polarization mode and a side-modesuppression-ratio (SMSR) > 45 dB. This is because HCG has greater angular dependence of reflectivity compared with DBR mirrors. Higher order modes, having smaller effective indexes or larger off-axis components of their wave vector, experience larger losses from the HCG mirror and are discriminated.
The tuning range is 26.3 nm in total, including a 16.5 nm of mechanical tuning with <10 V tuning voltage, and a 9.8 nm of current-induced thermal tuning. The mechanical tuning range can be further improved by pre-detuning the cavity peak to the longer wavelength side of the gain peak.
The wavelength tuning speed of the HCG MEMS actuator is mainly determined by the mechanical resonance frequency of the HCG to be ∼0.5 MHz. The speed of MEMS goes up linearly versus the volume of the structure, so small HCG can have tuning speed up to 1∼10 MHz while exhibiting a wide tuning range.
B. 1060 nm HCG VCSEL Design and Fabrication
An electrically-pumped EC-type MEMS-VCSEL at 1060 nm using an HCG as the top mirror was demonstrated with a swept range of 24 nm and a static tuning range of 10 nm [74] . The device was grown with one single epitaxy. The semiconductorair coupling layer was a 171-nm wet-thermal oxidize AlO x layer (approximately quarter-lambda thick). A 560-nm thick In 0.5 Al 0.5 P was used as the sacrificial layer. The MEMS resonance frequency is 850 kHz. Under resonant condition, with 10 V DC bias and 3.5 V peak-peak AC modulation at 850 kHz, a swept range of 24 nm was attained.
Both SCD and ACD designs are experimentally studied in this paper. The schematic and SEM of our wavelength-swept VCSELs centered at 1060 nm are shown in Fig. 20 . Our epitaxial structure for both designs comprises (listed from bottom) 30∼40 pairs of GaAs/Al 0.9 Ga 0.1 As n-type bottom DBR on GaAs substrate [69] . The active region consists of multiple InGaAs/GaAsP quantum wells. The oxidation layers comprise roughly quarter-lambda of Al 0.98 Ga 0.02 As and Al 0.9 Ga 0.1 As. Here, we still use 2 pairs of p-type Al 0.9 Ga 0.1 As/Al 0.12 Ga 0.88 As top DBR to provide higher top reflectivity.
For the SCD design (listed from top), the WL thickness is zero, and the "High1" layer, as shown in Fig. 12(a) , comprises an Al 0.6 Ga 0. 4 As p + -contact and a graded Al x Ga 1−x As, which combine to be quarter-lambda thick. For the ACD design (listed from top), the WL as shown in Fig. 12(c) , comprises an InGaP etch-stop layer, a GaAs p + -contact layer, and a graded Al x Ga 1−x As layer, which combine to be half-lambda thick.
On top of the SAC region (listed from top), the epitaxy includes a ∼200 nm n + -doped GaAs contact layer, ∼300 nm of Al 0.6 Ga 0.4 As as the n-type HCG layer, and a ∼1.32 um undoped GaAs sacrificial layer. The whole structure is grown in one single epitaxy growth step.
The tuning diagrams of the two designs are overlapped with the reflectivity contour (>99.5%) of the compound top mirrors, as shown in Fig. 21 . The compound top mirror considers all layers above the oxidation layer, the air gap and the HCG. The calculated tuning ranges are 46 nm and 76 nm for SCD and ACD designs, respectively. The values are smaller than in Fig. 13 due to the extra pairs of p-DBR above the cavity region.
This wafer design was processed into an HCG MEMS-VCSEL by performing e-beam evaporation to define the tuning and backside contacts, a wet etch to define the mesa, oxidation of the Al 0.98 Ga 0.02 As layer to define the current and light aperture, a wet etch to expose the p-contact layer, and e-beam evaporation to deposit the p-contact. The HCG with its MEMS structure is defined by electron beam lithography followed by reactive ion etching. Finally, the sacrificial layer is removed from beneath the HCG using a selective wet etchant and the sample is dried using a CO 2 critical point dryer.
In order to utilize the wide FSR determined by the epitaxy design, the TM HCG is designed to have a 99.5%-reflectivity bandwidth of 80 nm with a good tradeoff between bandwidth and dimension tolerance. Good dimension ranges for period and bar width are 480∼505 nm and 280∼385 nm, respectively [69] .
The TM HCG-VCSELs using both SCD and ACD designs maintain single transverse-mode lasing under CW electrical operation across their entire tuning ranges with SMSR above 35 dB. The SCD device wafer was designed to emit at the center of the tuning range, showing a low threshold current of 0.3 mA and output power of 1.3 mW at a pump current of 4 mA. Fig. 22(a) shows the light-current-voltage (LIV) characteristics of a typical device measured at 20°C. The VCSELs exhibit a thermal rollover with increasing current bias due to gain spectrum red-shifting more rapidly than the resonant cavity spectrum, an effect typically seen in VCSELs [72] . A camera captured the near-field emission of the device through a 100 X objective. While showing a small spot of spontaneous emission below the lasing threshold (I th ), strong speckle patterns were observed above the lasing threshold. The laser has a voltage of ∼8 V at 4 mA, indicating a series resistance of around 2 kΩ. The series resistance can be improved by optimizing the doping levels in the current spreading layer. Fig. 22(b) shows the laser spetra as tuning voltage increases. Single-mode continuous wavelength tuning of 40 nm, including 34 nm of mechanical tuning and 6 nm of thermal tuning was achieved with a typical SCD design.
The ACD HCG-VCSELs exhibit continuous single-mode lasing across a 73 nm tuning range centered at 1060 nm using a combination of thermal, current, and electrostatic tuning. This range corresponds to a Δλ/λ of 6.9%, which is a record for electrically pumped VCSELs. The LIV characteristics and the tuning spectrum of the same ACD device are shown in Fig. 23 , with a low threshold current of 0.5 mA.
The laser emission is at 1070 nm with a drive current of 5 mA and zero tuning voltage, and the emission redshifts with increasing voltage applied across the tuning junction. At a voltage of 16.7 V, the laser emission peak reaches a minimum wavelength of 1023 nm while the next longitudinal mode starts to appear at 1093 nm. This spacing agrees well with the 76-nm tuning range derived from cold-cavity simulations.
By heating the substrate to 40°C and applying a higher drive current of 7 mA while maintaining a high tuning voltage, a maximum wavelength of 1096 nm is reached. The region between the initial wavelength of 1070 and the maximum wavelength of 1096 is accessed by combination of temperature and voltage. The strong thermal tuning characteristic is a result of the HCG bowing due to film stress in a residue deposited during reactive ion etching.
With improved processing, we fabricated a second batch devices without bowing. The devices lase at 1088 nm wavelength without tuning voltage and the thermal tuning mechanism is no longer effective. A continuous sweep range of 69 nm is obtained by applying an AC tuning voltage at 450 kHz, the resonant frequency of the MEMS.
VII. MEMS DESIGNS AND TUNING CHARACTERISTICS
Several mechanisms have been used to tune the MEMS mirror in a MEMS-VCSEL. In the following, we briefly review the MEMS design and characteristics.
A. Tuning Forces
Tunable VCSELs have been demonstrated utilizing electrothermal tuning, piezoelectric tuning, and electrostatic tuning. In one electrothermal tuning mechanism, two materials with different thermal expansion coefficients are used to create the supporting structure. As the structure is resistively heated, the strain gradient generates a force in the direction of the material with the lower expansion coefficient. Electrothermal tuning can also be realized by depositing a support with some finite curvature. As the support is heated, it expands more quickly than the substrate, causing the mirror to buckle away from the cavity [44] . For piezoelectric tuning, a piezoelectric material is included in the support structure. A voltage is applied across the piezoelectric material, generating strain and causing the support structure to bend [75] . The most popular tuning mechanism is electrostatic tuning, in which a voltage is applied across the gap between the tuning mirror and the top of the structure containing the active material, creating a force between the two plates [23] . This force can only act to close the tuning gap, so tuning is limited to a single direction at steady-state. Electrostatic tuning is limited by electrostatic pull-in: when the mirror is displaced by 1/3 of the tuning gap, the mirror will travel to the bottom of the gap and experience a strong stiction force between the plates. If the stiction force is larger than the maximum spring force, this damage is not reversible.
B. Mechanical Support
The magnitude of the spring force is determined by the geometry and Young's modulus of the supporting structure. The simplest design for such a structure is a cantilever beam which can be bent toward or away from the gain medium. The spring constant for a cantilever beam is given by the following equation, where E is the Young's modulus, t is the thickness of the structure, and w and L are the width and length of the beam [76] .
The cantilever design is non-ideal because the rotation of the tip of the cantilever causes misalignment between the mirror and the cavity, increasing mirror loss and eventually limiting the tuning range. The rotation problem is solved by using a symmetric design such as the bridge, membrane, or folded beam structure. For the same material, thickness, width, and length, the spring constant for each beam is four times higher in a rotationally stiff design [76] . HCG-supporting MEMS are typically fabricated with symmetric pairs of beams instead of single beams to prevent the structure from rotating on the beam axis.
It is important to note the strong dependence of the spring constant on the thickness and length of the support. If the support has the same layer structure as a DBR mirror, the arms of the support will need to be longer than a typical VCSEL mesa structure to keep the spring force and required tuning force low. In this case, the support must be anchored to an outside support structure, increasing fabrication complexity. On the other hand, if the support is comprised of a single, thin layer, the support must be very short to prevent instability. In this case, the support can be fabricated within the ring contact on top of the mesa, provided a voltage isolation structure is included in the epitaxy.
In addition to the spring constant, the mechanical properties of a tunable VCSEL also depend on the mass of the mirror m and the damping coefficient b. The largest component of the damping coefficient is the viscous damping caused by the friction between the moving structure and the air around it. As shown in [77] , this can be reduced by several orders of magnitude by operating the VCSEL in a vacuum. This damping can also be reduced by reducing the area of the mirror or etching slots into the mirror, as in an HCG [78] .
Since the spring and the frame suspending an HCG reflector typically have similar dimensions, the mirror can not be assumed to be rigid. In the case of bridge and membrane structures, the system resembles a collection of long beams joined at the center of the HCG rather than at the edges of the frame. There are several consequences. First, the spring constant of the structure is reduced since the springs are longer than designed. Second, the effective mass of the structure is reduced since only the center of the HCG will travel to the full displacement. Finally, the curvature in the mirror will affect the reflectivity of the HCG.
In order to avoid these negative effects, a folded beam design can be used. When a force is applied uniformly across the HCG frame, the frame exerts a downward force and an upward moment on the tip of the spring. This confines the bending to the spring and keeps the HCG flat, increases the effective k, and increases the effective m. This effect is demonstrated with a COMSOL simulation pictured in Fig. 24 . In this simulation, a bridge and a folded beam structure with identical thickness, spring dimensions, HCG dimensions, and frame dimensions are displaced by 200 nm at the center of the HCG by a voltage applied between the structure and a ground plane 1.35 um below the structure. The bridge structure reached this displacement at 27.5 V, while the folded beam structure needed 39.1 V due to the stiffer spring constant. The displacement is measured at the highest edges of the frame to reveal a minimum displacement of 109 nm for the bridge and 167 nm for the folded structure, corresponding to 54% and 84% of the maximum displacement, respectively.
C. Tuning Speed
Tuning speed, characterized by the 3 dB frequency of the tuning mechanism, is an important parameter to consider in The frequency response drops off quickly following the resonance frequency. The folded flexure structure has a higher quality factor than the bridge but the same resonant frequency, indicating the structure has a higher mass and spring constant [56] .
the application of tunable VCSELs. For swept-source imaging systems, a high sweep rate is desirable for faster imaging. On the other hand, tuning speed does not need to be as high for a telecom VCSEL which spends a long period of time lasing at a single wavelength.
Tuning speed is determined by the driving force and the mechanical response of a tunable VCSEL, and it is limited by the slower of the two. For instance, one electrothermal tunable VCSEL is constrained to a low 3dB frequency of 215 Hz due to the speed of heat transfer through the structure, while the same structure can be electrostatically driven 1000 times faster [44] , [45] .
In contrast, electrostatic tunable VCSELs are not limited by the speed of the driving force. Instead, electrically actuated structures are limited by the mechanical response of the structure, as illustrated in Fig. 25 . This can be modeled as a simple mass-spring system: the mirror contributes the majority of the mass, while the supporting arms behave as springs. The resonance frequency of this simple harmonic oscillator is given by
This expression gives an upper limit for the mechanical resonance frequency, as there will always be some elasticity in the mirror reducing k and some movement of the supporting springs increasing m. The magnitude of the mechanical frequency response decays rapidly at frequencies above resonance.
Actuating the mirror at its mechanical resonance creates both downward and upward displacement, giving a VCSEL access to longer wavelengths than the zero-volt wavelength [74] .
When considering resonant tuning, it is important to design for both the resonance frequency and the mechanical quality factor given by
This equation exposes a tradeoff between resonant frequency and quality factor when choosing the mass of the mirror. This tradeoff is especially apparent when comparing tunable VCSELs based on DBR mirrors and HCG mirrors: the single-layer structure of the HCG allows the mass to be an order of magnitude smaller than a DBR with the same layout area. The HCG mirror can then be orders of magnitude faster than the DBR mirror, but it suffers from a lower quality factor and thus less upward tuning. There is also a tradeoff in spring constant, as a higher spring constant requires a higher driving voltage, which may not be compatible with the device or the driving electronics.
Finally, it should be mentioned that active cavity optomechanics was observed the first time with a 1550-nm HCG MEMS-VCSEL in vacuum [77] . With the laser biased under CW operation, the photon pressure produce enough force to result in mechanical oscillation with a very wide physical amplitude of 600 nm, resulting in continuous wavelength sweep of 23 nm, at mechanical resonance frequency of 125 kHz.
VIII. COHERENCE LENGTH OF TUNABLE HCG-VCSEL
As the laser wavelength is changed by the variation of top mirror position in a MEMS-VCSEL, such MEMS structure is thus prone to noise induced by the Brownian motion, which vibrates the mirror and changes the laser wavelength. This effectively broadens the laser linewidth. The linewidth of MEMS VCSEL was first reported to be very wide, ∼300 MHz to 1 GHz by self-heterodyning [79] or heterodyning with another tunable laser [80] . These linewidths would correspond to a very short coherence length in air.
We pointed out those previous measurements using selfheterodyne technique significantly over-estimated the coherence linewidths [57] . Since the linewidth broadening is caused by MEMS, it assumed the same mechanical response of the MEMS structure, which is in the kHz (to MHz) range. Hence, for distance of travel shorter than 300 km, i.e., distance for light to travel in 1 ms, the meaningful laser linewidth is closer to the intrinsic laser linewidth, which much narrower than that obtained using heterodyne. Even for MHz speed MEMS, this distance is still as large as 300 m. Since self-heterodyne measurements used long fiber lengths, the results are misleadingly wide, being dominated by the averaging effect due to Brownian motion.
Using, a self-heterodyne interferometer with various fiber delay differences, the linewidths of HCG MEMS-VCSELs were measured. It is seen that Δν increases with the fiber length until the fiber length reaches a certain value, determined by the Brownian motion. A detailed analysis can be found in [57] . The intrinsic linewidth of the 1550 nm HCG-VCSEL was extracted to be 20 MHz to 25 MHz. The broadened linewidth reaches 60∼150 MHz with long fiber delay. Hence, the coherence length of HCG-MEMS VCSEL is expected to be in the range 3∼10 m, depending on the design, which makes them well suited for optical coherent tomography (OCT), and short-range light detection and ranging (LIDAR) applications.
IX. SUMMARY
There have been tremendous advances on MEMS-VCSEL in the past two decades. It is the only diode laser structure that can sweep emission wavelength over a wide, continuous range at a fast rate, to the best of our knowledge. In this paper, we reviewed major breakthrough designs in the field and compared key parameters of various designs. We discussed the incorporation of a semiconductor DBR, hybrid mirror, dielectric mirror, and the ultra-thin high contrast grating (HCG) on a micromechanical structure and using electrostatic, electro-thermal, or piezoelectric force to move it. The use of an anti-reflection coating to decouple the semiconductor and air cavities and result in an extended cavity is reviewed. We redefined the semiconductor-air coupling region types and showed that the air-cavity-dominant (ACD) design can actually lead to an ultra wide tuning range without penalty of laser threshold and performance, We further show a record wide tuning ratio for a 1060-nm center wavelength for the first time.
The flexible, light-weight, monolithic HCG simplifies the process MEMS-VCSELs drastically and enables unique features, such as polarization mode selection, fast wavelength tuning and a single transverse mode that other conventional approaches. The wavelength swept lasers would benefit numerous applications over a wide wavelength ranges. 
